We present the results of the first quantum chemical investigations of 1 H NMR hyperfine shifts in the blue copper proteins (BCPs): amicyanin, azurin, pseudoazurin, plastocyanin, stellacyanin, and rusticyanin. We find that very large structural models that incorporate extensive hydrogen bond networks, as well as geometry optimization, are required to reproduce the experimental NMR hyperfine shift results, the best theory vs experiment predictions having R 2 ) 0.94, a slope ) 1.01, and a SD ) 40.5 ppm (or ∼4.7% of the overall ∼860 ppm shift range). We also find interesting correlations between the hyperfine shifts and the bond and ring critical point properties computed using atoms-in-molecules theory, in addition to finding that hyperfine shifts can be well-predicted by using an empirical model, based on the geometryoptimized structures, which in the future should be of use in structure refinement.
Introduction
The NMR shifts of paramagnetic metal-ion-containing systems can provide interesting information about structure, 1, 2 and NMR has been used for many years in investigating, in particular, the structures of paramagnetic metalloproteins. 3, 4 For example, the iron centers in paramagnetic proteins (and model systems) have a >5000 ppm range of 13 C NMR shifts 5, 6 and are well-correlated with electronic structure. 7 While 1 H NMR shifts are typically smaller, recent studies on several blue copper proteins (BCPs), amicyanin (Am), 8 azurin (Az), 9 plastocyanin (Pc), 10 pseudoazurin (Pa), 11 stellacyanin (St), 9 and rusticyanin (Rc), 11 revealed that the Cys-C H 2 shifts are in the range of ∼240-850 ppm, [9] [10] [11] since they are only three bonds removed from the paramagnetic (Cu II ) center. Such a large shift range strongly suggests that 1 H NMR spectroscopy should be a useful technique with which to probe the active site structures of these and other copper-containing proteins. To date, there have been no reports of the quantum chemical investigation of NMR hyperfine shifts in BCPs.
In general, hyperfine shifts (as well as chemical shifts) in proteins are difficult to compute accurately, since uncertainties in the X-ray coordinates 12 are usually much larger than in small molecule structures. In addition, for 1 H NMR shifts, the atoms of interest (hydrogens) are not even "seen" in protein X-ray structures, which obviously exacerbates the problem of predicting their shifts. Here, we thus explore the question of how to accurately predict 1 H NMR hyperfine shifts in BCPs, using large structural models. We find that these hyperfine shifts can be quite accurately predicted and that there are numerous interesting correlations between the hyperfine shifts (spin densities) and a variety of geometric factors, as well as bond and ring critical point properties, calculated by using atoms-in-molecules (AIM) theory. 13, 14 and the hyperfine shift can be further broken down into Fermi contact (δFC) and pseudocontact (δpc) terms:
The δFC of a given nucleus depends on the spin state (S) of the system, the spin density at the nucleus (FR ), and the temperature (T): 7 where m is a collection of physical constants and is equal to 2.35 × 10 7 ppm K au -1 . 7 The δpc contribution is typically very small when compared with δFC, as discussed previously, 7, [15] [16] [17] so in general, δFC dominates the hyperfine shift.
To calculate the NMR hyperfine shifts in BCPs, we used the hybrid Hartree-Fock/density functional theory method, B3LYP, 18 together with a Wachters' basis set (without the f functions) for Cu, 19 ,20 a 6-311G* basis for all other heavy (C, N, O, and S) atoms and 6-31G* for hydrogens, as implemented in Gaussian 03. 21 This is basically the approach that we used previously to evaluate both solution and solidstate NMR hyperfine shifts, as well as other hyperfine (ESR, ENDOR) properties. 7, 16, 17, 22 Spin densities were converted to hyperfine shifts by using the relation obtained previously: 7 The X-ray structure of each protein was used as a starting structure from which we constructed various computational models, probing the effects of different structural features on the hyperfine shift predictions. The Protein Data Bank (PDB) structure file numbers and their corresponding crystallographic resolutions were as follows: 1AAC (1.31 Å) for Am; 23 1NWP (1.60 Å) for Az; 24 1PLC (1.33 Å) for Pc; 25 1BQK (1.35 Å) for Pa; 26 1JER (1.60 Å) for St; 27 and 2CAK (1.27 Å) for Rc. 28 These are generally the highest resolution structures for these proteins, except for Am and Az, where two new higher resolution structures (i.e., 2OV0, 0.75 Å; 29 2CCW, 1.13 Å; 30 respectively) were recently deposited in the PDB and were also investigated for comparison. We also investigated 4AZU (1.90 Å) 31 for Az, to address the possible effects of species differences on the NMR hyperfine shift predictions. For Rc, 1RCY 32 (1.90 Å) was also used to investigate an alternative hydrogen-bonding pattern involving the His ligand, as compared to that seen in the 2CAK structure. In each of the protein X-ray structures used in the calculations, hydrogen positions were set to standard values: RCH ) 1.09 Å and RNH ) 1.01 Å.
To investigate the effects of different structural units on the shift calculations, we used eight sets of structural models. The minimal structural model (Calc1) contained the strong equatorial ligands, His, His, and Cys (common to each of the BCPs studied), and the X-ray geometries were utilized without any optimization. This approach was used in previous computational studies of ESR hyperfine couplings in Az. 33 However, in our calculations, complete amino acids were used, rather than imidazole (for His) and SCH3 (for Cys). 33 In a second set of calculations (Calc2), partial geometry optimization of Cu and the Cys SCH 2 moiety in the Calc1 structures was performed. To evaluate the effects on spin density from other structural units, including the weak axial ligands and hydrogen-bonded partners, we carried out six additional sets of calculations (Calc3-Calc8) using larger models, incorporating each of the residues listed in Table S1 in the Supporting Information. The Calc3 model used the experimental X-ray coordinates (as in the Calc1 model); however, in addition to Cu and the three equatorial ligands included in the Calc1 and Calc2 models, we included the axial ligand (Met/Gln) together with a conserved Asn (in Am, Az, Pc, Pa, and St; Ser in Rc) residue (next to the N-terminal His), which forms a H-bond with Cys. 34 This Calc3 model is basically of the same size as the largest QM model used in recent ab initio calculations on Pc, 35, 36 in which the Asn residue was found to have significant influence on spin densities. In the Calc3 model for Az, the Gly residue in the fifth coordination position (trans to the axial Met ligand) was also included because of its short distance to Cu. Overall, the Calc3 models consist of g80 atoms. The Calc4 models differ from the Calc3 models in that the Cys SCH2 moiety was geometry optimized. In the Calc5 model, Cu was also included in the optimization. In the Calc6 model, we also included the residue before the N-terminal His, for BCPs other than Az (for Az, this residue was already included in the Calc3 model). In Am, Pc, Pa, and St, this residue has a carbonyl oxygen of the peptide bond positioned in the fifth coordination position (trans to the axial Met/Gln ligand) and was found to have some effects on calculated reduction potentials. 37 The geometries of all first-coordination sphere atoms were optimized in these Calc6 models. The largest models in our work, Calc7 and Calc8, were designed to include all residues that are hydrogen bonded to the Cu ligands including those with Cys. [38] [39] [40] [41] [42] These Calc7 and Calc8 models are even larger than those reported recently 37, 43 since the hydrogen bond partners to His ligands are included. The use of complete Cu ligands, their hydrogen bond partners, geometry optimization of the Cys SCH2 moiety plus Cu, and all its coordinated atoms (the Calc7 models) was found to be necessary to reproduce the experimental NMR hyperfine shifts. For purposes of comparison, we also carried out a series of calculations (Calc 8) that had the same size as the Calc7 models but where no geometry optimizations were performed. The exact residues in each of the structural models are listed in Table S1 , with the largest models including up to 10 residues. In the case of Rc, the only BCP studied here that has two possible hydrogen-bonding patterns for the N-terminal His ligand, a Calc9 model was also used, in which the whole His ligand
(up to C ) and the NH atoms that are hydrogen bonded with the Cys ligand were also included in the geometry optimization as compared to the Calc7 model. The basis set scheme used in the geometry optimizations in the Calc2, Calc4, and Calc5 models was the same as that used for the NMR shift predictions, as described above. However, because of the larger size of the models used in the Calc6 and Calc7 (and Calc9 for Rc) investigations, the geometry optimization basis set was slightly smaller for the nonmetal heavy atoms: 6-311G* for the first coordination shell atoms and 6-31G* for the rest. For Am, only the Calc3, Calc7, and Calc8 models were used, since the reported experimental NMR hyperfine shift results (-13 to 43 ppm) 8 are for protons other than the Cys C H2. In addition to these QM shift calculations, we used Bader's AIM theory to help analyze some of the results. For convenience, we give here a very brief overview of this approach. According to AIM theory, each nucleus in a molecule is surrounded by a region called an atomic basin, which is bounded by a zero-flux surface in 3F, the gradient of the charge density, that defines an atomic boundary. When two atoms share some portion of their surfaces, a line of maximum electronic charge density is formed between the nuclei, and at the point where the shared surfaces intersect, the atomic interaction line, there is a saddle point in the charge density, F(r), called a bond critical point. At this point, F(r) is at a minimum along this atomic interaction line and at a maximum in the plane perpendicular to this line. In this manner, AIM theory identifies a unique line of communication between two chemically interacting nuclei and provides a unique point at which to probe or characterize the nature of the interaction. Every chemical bond has a bond critical point at which the first derivative of the charge density, F(r), is zero. 13, 14 The F(r) topology is described by a real, symmetric, second-rank Hessian-of-F(r) tensor, and the tensor trace is related to the bond interaction energy by a local expression of the virial theorem:
where 3 2 F(r) is the Laplacian of F(r) and G(r) and V(r) are electronic kinetic and electronic potential energy densities, respectively. Negative and positive 3 2 F(r) values are associated with shared-electron (covalent) interactions and closed-shell (electrostatic) interactions, respectively.
In the latter case, one can further evaluate the total energy density, H(r), at the bond critical point:
A negative H(r) is termed partial covalence, while a positive H(r) indicates a purely closed-shell, electrostatic interaction. 13, 14, 44 The bond critical point described above is also called a (3, -1) critical point, since it has three nonzero curvatures of F(r), one of which is positive and two of which are negative. This type of critical point is associated with every chemical bond. In contrast, a ring critical point or (3, +1) critical point, having two positive and one negative curvatures, can be found in the inner area of a ring structure, and as discussed below, we find interesting correlations between these ring critical points and hyperfine shifts in the proteins of interest. 13, 14 All critical point properties were calculated by using the AIM2000 program. 45
Results and Discussion
Hyperfine Shift Calculations. We first investigated results for Az, Pc, Pa, St, and Am obtained by using the Calc1-Calc8 models, since these proteins have Cu ligands in the active site that are clearly hydrogen bonded. In the Calc1 models, there are only three strongly interacting equatorial ligands: two His and one Cys. A simplified model based on this motif previously enabled good predictions of the EPR g-tensor, as well as the hyperfine tensors of the His nitrogens in Az. 33 However, as shown in Table 1 , the theory vs experiment correlation coefficient R for the large hyperfine shifts of the Cys C protons (the average shifts for H 1 and H 2 ) observed in Az, Pc, Pa, and St is only about 0.5, using the X-ray structures, Calc1. R is improved upon a partial geometry optimization in which Cu and the Cys SCH 2 moiety are optimized, Calc2. However, in both cases, the statistical p values are >0.05, indicating no useful correlations from such calculations (even given the "most 
favorable" H 1 , 2 shift assignments). This suggests that the range of NMR hyperfine shifts observed experimentally may be influenced by the presence of additional groups that interact with the Cu(II) center. We thus next utilized larger models and six different sets of QM calculations. The key bond lengths and angles used in these models are listed in Table 2 . The computed NMR shifts for the Cys C protons from all calculations (Calc1-Calc8) are shown in Table 1 . The predicted hyperfine shifts of all experimentally observed protons are shown in Table 3 , for the Calc3 (an X-ray structure model) and Calc7 (the largest geometry optimized model) investigations. The coordinates of all of the larger structures used in the calculations (Calc3-Calc7) are listed in Tables S2-25 . When the axial Met/Gln and the hydrogen-bonded Asn residues were included in the calculations (Calc3 models), a generally good theory vs experiment shift correlation was found, with R 2 ) 0.93 and SD ) 71.2 ppm or 8.0% of the whole 887.2 ppm range for all 53 experimentally observed shifts (and taking the H 1, H 2 shift assignments to be those in closest accord with the calculations). When the average H 1 , H 2 values are used for the nonassigned protons, the statistics improve slightly to R 2 ) 0.94 and SD ) 51.8 ppm or 6.0% of the whole 862.5 ppm range for the 46 experimental shifts (Table 3) . However, the slope is 1.20 (to be compared with an ideal value of 1.00) in both cases, and some δ hf predictions for Cys-C hydrogen atoms have large errors (e.g., in Pc), as shown in Table 1 . Because using eq 4 previously enabled accurate predictions of experimental shifts over a 6000 ppm range 7 with R 2 ) 0.99 and slope ) 1.05, the errors here may be (at least partly) associated with the uncertainties in the X-ray geometries of these proteins, 46 and indeed, in previous work, we found that ab initio calculations of NMR (and other spectroscopic) properties facilitated protein structure refinement. 22, [47] [48] [49] [50] We thus next began to use geometry optimization to see to what extent the shift predictions might be improved. Of course, as alluded to above, the specific assignments of H 1 and H 2 are not known experimentally, and individual Cys C proton shifts can have errors of ca. (50-100 ppm as a result of the extremely broad (up to ∼1.2 MHz) line widths seen in the experimental solution NMR spectra. 9-11 So, we use here the average shift of H 1 , H 2 to assess the accuracy of a given calculation, since this value is obviously independent of the specific assignment.
By optimizing just the Cys-SCH 2 moiety (Calc4 model), we find a large improvement for the average Cys-SCH 2 δ hf predictions, with the SD (in Az, Pc, Pa, and St) dropping from 135.4 to 37.9 ppm ( Table 1 ). The biggest improvement (∼200 ppm) is with Pc, where as can be seen in Table 2 , the Cu-S Cys bond length undergoes the largest (0.06 Å) change. A comparison of all of the experimental shifts with the results of the Calc4 model predictions shows that the slope improves from 1.20 (Calc3) to 1.11 (Calc4); R 2 improves marginally, from 0.94 (Calc3) to 0.95 (Calc4), and the SD decreases, from 51.8 (Calc3) to 41.9 ppm (Calc4). Each successive model (Calc5-Calc7) included more structural units or extended the size of the geometry optimization (Table S1 ). As shown in Table 2 , the calculated bond lengths for all three strong coordination bonds: Cu-S Cys , Cu-N HisN (the N-terminal His ligand), and Cu-N HisC (the C-terminal His ligand), all basically converge to within 0.01 Å of each other at Calc5, as shown, for example, in Figure 1 , for Cu-S Cys . Convergence for the bond length of the weak Cu-S Met bond is ca. 0.05 Å, the same as the Cu-O distance (the carbonyl O in the peptide bond located in the fifth coordination position, trans to the axial Met/Gln ligand). The dihedral angles (H-C-S-Cu) also generally converge to within ∼1°at Calc5, as again shown in Table 2 .
Further improvements in average shift predictions were obtained with the larger, optimized Calc6 and Calc7 models, with the Calc7 model correctly reproducing the order of the experimental average hyperfine shifts of the Cys C protons (Table 1) . This clearly indicates the importance of bonding effects from the residue in the fifth ligand position (included in Calc6 and Calc7), together with the effects of other residues H-bonded to the first coordination shell, including those hydrogen-bonded to His ligands. The Calc7 predictions for all 46 experimental shifts (using only the average shifts for the nonstereospecifically assigned protons) are now very good: R 2 ) 0.96, slope ) 0.98 (to be compared with the ideal value of 1.00), and a SD ) 31.4 ppm, or 3.6% of the whole 862.5 ppm shift range seen experimentally. Comparisons with the results from Calc8 models, which have the same size as the Calc7 models, but without geometry optimization ( results of previous investigations, 22, [47] [48] [49] [50] showing that QM refinement of protein X-ray structures is generally needed to provide the best property predictions, at least in the case of metal-binding sites.
We also investigated other factors, which might be expected to have an effect on the NMR hyperfine shift predictions. For Pa and St, the X-ray structures were of the same species as used in the NMR experiments, but for Am, Az, and Pc, the X-ray/NMR results were on proteins from different species. This was because the X-ray structures from the same species as used in the NMR experiments were of lower resolution than those used here. For example, the 4AZU 31 structure of Az from Pseudomonas aeruginosa has a resolution of 1.90 Å, 0.3 Å lower than the 1.60 Å resolution of the 1NWP (Pseudomonas putida) structure used in our calculations. However, even though the proteins are from different species, the sequences of the residues included in the Calc7 models (for Am and Pc) are the same as those that are present in the proteins used for the NMR experiments. We also investigated another recently published Az structure, 2CCW, 30 that has even higher resolution (1.13 Å) but again is from another species (Achromobacter xylosoxidans). For comparison, we used the same Calc7 models with these three different starting structures (4AZU, 1NWP, and 2CCW) for Az. As shown in Table S26 , the calculated NMR hyperfine shifts from using 4AZU have an inferior correlation (R 2 ) 0.91) with the experimental NMR results than do those obtained by using 1NWP (R 2 ) 0.99). The Calc7 results from using even higher resolution structure 2CCW are essentially the same as from using 1NWP. In addition, the Calc7-optimized geometry for Am here is also close to that of a higher resolution structure (2OV0) 29 deposited very recently (Table S27) . These results further support the use of current Calc7 models.
Although the key factor in choosing the Calc7 models was based on the predictions of the large Cys C proton NMR hyperfine shifts, the methods also offer a good explanation for the relatively smaller shifts seen with other protons. For instance, as shown in Table 3 , for the conserved Asn residue in Az, Pc, Pa, St, and Am, the amide proton and the CR proton were consistently predicted to have negative and positive hyperfine shifts, respectively, as observed experimentally. [8] [9] [10] [11] The Cys C R protons in these proteins were predicted to have a negative hyperfine shift, due to their proximity to the large positive spin densities of the Cys C protons. 10 Hyperfine shift predictions for His protons are generally good, except for the C δ2 protons, where the hyperfine shift range is small, as it is with many other residues, and in some cases, assignments are uncertain. 8, 10, 11, 51 The large Cys C proton shift range should thus be a more reliable structural probe. In fact, as shown in Table 3 , the Cys C proton NMR hyperfine shifts have large differences between the small Calc3 and large Calc7 models, while the other proton shifts between these two models are generally not very different.
The above results indicate that all of the active site residues included in the calculations have some effects on the NMR hyperfine shifts predictions, with the axial ligands, residues hydrogen-bonded to Cys, and the carbonyl oxygen located in the fifth coordination position [35] [36] [37] [38] [39] [40] [41] [42] [43] 52 ,53 being of particular importance. However, the results shown here also indicate that residues hydrogen-bonded to His are important and need to be taken into account to reproduce the experimental shifts. As shown in Table 1 , for Am, there is a large difference (349.5 ppm) between the calculated average Cys C proton NMR hyperfine shifts ( av δ hf calc ) from the smaller (Calc3) model and the larger (Calc8) model, even when using the same basic geometry. This difference is much larger than the differences (53.8-138.5 ppm) seen with Az, Pc, Pa, and St. One likely origin of the major difference between the Am and other BCP results appears to originate in the nature of the hydrogen bond partner to the N-terminal His ligand. It is a negatively charged Glu residue in Am, but in Az, Pc, Pa, and St, it is a neutral residue or a water molecule. A calculation of a modified Calc8 model for Am that only removed this Glu, but kept all other residues, yielded an av δ hf calc value of 687.4 ppm. Clearly, then, this Glu residue is a major contributor to the large difference between the av δ hf calc of 384.9 (with Glu) and 687.4 ppm (without Glu) and accounts for 87% of the total difference between the Calc3 and the Calc8 models. This effect is reflected in the spin density distributions. As shown in Figure 2A -D, the general features of the spin density distribution in other BCPs (Az, Pa, Pc, and St) are the same, as found with smaller models, 54, 55 and consist primarily of densities in a Cu d x2-y2 orbital, a Cys sulfur p orbital, as well as some His nitrogen orbitals. However, in Am, there are also large spin densities in the H-bonded Glu residue ( Figure 2E ). In addition, for Pa and Pc, the only difference between Calc6 and Calc7 models is the inclusion of the N-His hydrogen-bonding partners in the Calc7 models, which again results in significant improvement in the NMR hyperfine shift predictions (Table 1) , due to incorporation of the His hydrogen-bonded partners. As compared with the BCPs discussed above, Rc has several unusual features, including the highest redox potential (680 mV) among BCPs, 32 and the smallest Cys C proton NMR hyperfine shifts 11 (Table 3 ). All eight X-ray structures (PDB #: 1RCY, 2CAK, 1A8Z, 1A3Z, 2CAL, 1E30, 1GY2, and 1GY1) for wildtype or mutated Rc show that Asn80 is hydrogen-bonded to the N-terminal His (His85), but there are two possible bonding modes. This is different to the situations found with other BCPs, where there are unambiguous H-bond patterns. In two structures (1RCY and 1A3Z), the Asn80 side chain's CdO group forms an H-bond with His85, but in six other structures (including the highest resolution structure 2CAK), the Asn80 side chain is flipped, and thus, it is the Asn80 side chain's NH 2 group forming the H-bond with His85, as shown in Figure 2F , a mode not seen in other BCPs. These structures suggested the possibility that this interaction might be sufficiently strong to generate an imidazolate ligand (Im -), similar to the Cu(II)-Im -motif seen with oxidized CuZnSOD (SOD, superoxide dismutase). 56 Certainly, the very high redox potential as well as the very small hyperfine shifts indicate a very unusual interaction. We thus first investigated the 1RCY structure model for Rc, finding as shown in Table 4 , a predicted average Cys C proton hyperfine shift from a Calc3 model of 746.3 ppm, about a 500 ppm deviation from the experimental value of 267.1 ppm. Even with the Calc7 model, which has all hydrogenbonded partners with all of the Cu ligands, the error was still large (440 ppm), much larger than those found with other BCPs using the same Calc7 models: 42.6 ppm for Pc, 68.1 ppm for St, 71.5 ppm for Pa, and 155.5 ppm for Az. Inclusion of Asn80 and Im -with the 2CAK geometry yielded, however, a significant improvement (509.7 ppm) as compared with the Calc7 prediction using 1RCY (with Im 0 , 707.5 ppm), and when this whole Im -ligand (up to C ) and the NH atoms that are hydrogen-bonded with the Cys ligand were also included in the geometry optimization in this unusual case (Calc9 model), the result improved further, to 464.7 ppm (Table 4 ). This supports a tentative assignment of a very strongly hydrogen-bonded (Asn80) NH 2 ‚‚‚N (His85), in which the interaction between the Cu center and the His ligand is strengthened, resulting in a longer Cu-S Cys bond (Table 5 ) and a small hyperfine shift. This effect of a negatively charged Im -(of the N-terminal His ligand) on structure and hyperfine shift is similar to that of a negatively charged Glu (H-bonded to again, an N-terminal His ligand) in Am, where a longer Cu-S Cys bond and a smaller hyperfine shift were also found ( Table 5 ). The coordinates of all Rc structures used in the calculations are listed in Tables S28-S36 . As shown in Figure 3A , with these geometry-optimized large models of Az, Pc, Pa, St, Am, and Rc, the predictions of all 53 experimental shifts (using only the average shifts for the nonstereospecifically assigned protons) have a very good correlation with experiment, R 2 ) 0.94, slope ) 1.01 (to be compared with the ideal value of 1.00), and a SD ) 40.5 ppm or 4.7% of the whole 862.5 ppm shift range seen experimentally. These results also fit the same correlation line ( Figure S1 ) seen previously with heme proteins and model systems, 7 indicating the good overall accuracy of the methods employed.
On the basis of the largest models investigated here, the large differences in geometries seen in the X-ray structures of different BCPs in their oxidized forms are significantly decreased in the geometry optimized structures. This suggested that it might be possible to use these optimized geometric properties to predict shifts, using the empirical approach described previously. 11 The properties of interest are the displacement of Cu from the N HisCuN His plane (∆Cu), 57 the angle between the N His CuN His and S Cys CuS Met (O Gln ) planes (φ), 58, 59 and the angle formed by the N His CuN His plane and Cu-S Cys vector (R). As observed previously, 11 the average experimental Cys C proton hyperfine shift is not correlated with R Cu-S Cys , ∆Cu, φ, or R alone. However, the following relationship using a combination of R Cu-S Cys and where a, b, and c are fitting parameters. Using the data from the large geometry-optimized models (Table 5) , we find that this relationship gives good predictions: R 2 ) 0.82 (for Az, Pc, Pa, and St) and 0.99 (for Az, Pc, Pa, St, and Rc). However, the projection of the major spin densities in the Cu d x2-y2 orbital (Figure 2 ) onto the Cu-S Cys vector (the major source of the spin densities of Cys C protons) may be better described by a cos R term than the tg R term in eq 7. Indeed, including a cos R term:
gives even better fittings: R 2 ) 0.99 (for Az, Pc, Pa, and St) and 0.99 (for Az, Pc, Pa, St, and Rc). The fitting parameters were a ) 0.0457 Å -1 ppm -1 , b ) 0.02612 ppm -1 , and c ) 0.07218 ppm -1 , and the predicted hyperfine shifts ( av δ hf pred ) have a SD of 24.3 ppm or only 4.4% for an experimental range of 554.7 ppm, as shown in Figure 3B . Using eq 8, the av δ hf pred for Am is 331.2 ppm, very close to the Calc7 prediction, 285.4 ppm (Table 1) .
AIM Theory Results. To investigate the structural effects on NMR hyperfine shifts in more depth, we next employed AIM theory 13, 14 to see if electronic effects from weakly interacting groups might correlate with the hyperfine shifts. For each of the four Cu coordination bonds, a bond critical point was identified and the calculated bond critical point properties are listed in Table 6 . The Laplacian results for the three strong equatorial coordination bonds (Cu-S Cys , Cu-N HisN , and Cu-N HisC ) as well as the axial Cu-S Met (in Az, Pc, Pa, Am, Rc)/ Cu-O Gln (in St) bonds were all positive, indicating that (in AIM terminology) they are of an electrostatic nature. However, all of the total energy densities, H(r), were negative, suggesting "partial covalence". 44 Nevertheless, the bond critical point properties of the axial bonds were smaller than those of the three equatorial coordination bonds, consistent with the fact that the axial coordination bonds are relatively weak. It is interesting to note that for Az, Pc, Pa, and St, which have neutral His ligands and H-bonded residues, the sum of the charge densities F(r) at the bond critical points in the three equatorial and one axial coordination bonds has an excellent correlation with both the experimental and the computed average NMR hyperfine shifts (of the Cys C protons), with R 2 ) 0.97 and 0.95, respectively, using an exponential decay fit. Its relation with the experimental shifts is illustrated in Figure 4A . In addition, the sums of G(r) and V(r) in these four bonds correlate with av δ hf expt in the same manner, having R 2 ) 0.88 and 0.92, respectively. However, if only the three strong equatorial coordination bonds are considered, ΣF(r) is not correlated with av δ hf . This provides further evidence that weak ligands play an important role in affecting the overall spin density (or hyperfine shift) variations in the different proteins, as suggested in Figure  S2 . We also found excellent correlations between av δ hf expt and
1/ av δ hf expt ) a R Cu-S Cys + b cos R + c (8) the F(r), G(r), V(r), and 3 2 F(r) properties at the axial bond critical points (R 2 ) 0.96, 0.98, 0.98, and 0.98, respectively). However, results for Am and Rc (which have either a negatively charged His or a negatively charged H-bond partner) do not follow these correlations, indicating a more significant role of these charged groups on the electronic properties than that of axial ligands, as also observed with the NMR hyperfine shift properties discussed above. In addition to the bond critical point results, we also detected a ring critical point in the region surrounded by Cu, the Cys SCH 2 , and S Met /O Gln in each system, as illustrated in Figure 4B for Az. The AIM properties at the ring critical points are very well-correlated with the (average) experimental NMR hyperfine shifts of the Cys C protons, av δ hf expt . For charge densities ( Figure 4C ), the correlation coefficient (for an exponential decay fit) is R 2 ) 0.9998, and the correlation coefficients for G(r), V(r), 3 2 F(r), and H(r) are all in the range 0.992-0.997. Again, these correlations are for BCPs with neutral His ligands and H-bonded residues (Az, Pc, Pa, and St), consistent with the results seen with the bond critical point properties. However, when bond critical point (bcp) properties and ring critical point (rcp) properties were used together, the av δ hf expt results for all BCPs can be predicted using the following equation:
with R 2 ) 0.93, 0.97, and 0.94 for F(r), G(r), and |V(r)|, respectively. The fitting parameters are listed in Table S37 , and the predicted average Cys C proton NMR hyperfine shifts from eq 9, using bcp and rcp data for F(r), G(r), and |V(r)|, are shown in Table 8 . This correlation is illustrated by the results for G(r) shown in Figure 4D , indicating that excellent theory-experiment correlations can be made, based on the critical point properties.
Finally, we investigated how changes in the cysteine sidechain conformation might be expected to influence the C H 2 hyperfine shifts. Using a Pc model system with the X-ray geometry ( Figure S3A) , we varied the H-C -S-Cu torsion angle, finding a Karplus type relationship 10,60 between δ hf (or F R ) and θ (the H-C -S-Cu torsion angle), as shown in Figure  S3B and Table S38 . In the future, it may be possible to use these relationships, together with those discussed above, to help refine structure, particularly in the solid state, where Curie relaxation is absent.
Conclusion
The results that we have described above are of interest for a number of reasons. First, we report the results of a broad range a av δhf pred1 , av δhf pred2 , and av δhf pred3 results are calculated using eq 9 with parameters for G(r), |V(r)|, and F(r) in Table S37. of quantum chemical calculations of the proton NMR hyperfine shifts in several BCPs: Am, Az, Pa, Pc, Sc, and Rc. The best results have a theory vs experiment correlation R 2 ) 0.94, with a close-to-ideal slope ) 1.01 and SD ) 40.5 ppm, or 4.7% of the total experimental range of 862.5 ppm. Second, the computational results indicate that large structural models containing all weak axial ligands together with all hydrogenbonded partners of all of the strong equatorial ligands, as well as geometry optimization, are needed to reproduce the experimental Cys-C proton NMR hyperfine shifts. Consequently, NMR hyperfine shifts are sensitive probes of large sections of active site structure in these systems. Third, we find an interesting effect of the hydrogen-bonded partners of the His ligands on the NMR hyperfine shifts that helps interpret some unique features of the different proteins. Fourth, we find that use of geometry-optimized structural parameters with an empirical shift prediction model leads to excellent predictions (R 2 ) 0.99) of experimental Cys C proton NMR hyperfine shifts. Fifth, we carried out an AIM theory investigation, finding good correlations (R 2 ) 0.93-0.97) between AIM properties at bond and ring critical points in the active site with the proton hyperfine shifts. Overall, these results are of general interest since they represent the first detailed quantum chemical investigations of 1 H NMR hyperfine shifts in BCPs that, when combined with other spectroscopic results, should be of use in structure refinement.
